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INTRODUCTION 

There has been a g rea t  deal o f  previous work done of Fischer Tropsch 
Cata lys i s  but un t i l  r ecen t ly ,  very l i t t l e  r a t e  data have been obtained 
o the r  than semi-quant i ta t ive  r e s u l t s .  A g r e a t  deal of the previous l i t e r -  
a t u r e  dea ls  with the  proposed and hypothetical  mechanisms of Fischer 
Tropsch c a t a l y s i s  and i t s  similarities/dissimilarities t o  SNG methanation. 
Despite t he  voluminous amount of work i n  t h i s  a rea  there  i s  s t i l l  cont ro-  
versy as  t o  whether deposited carbon o r  i ron  carb ide  ( i n  the  case  o f  i ron  
c a t a l y s t s )  i s  the  a c t i v e  intermediate i n  the  mechanistic scheme.' 
addi t ion  t o  t h i s  t he re  was a g r e a t  deal o f  work accomplished a t  the  Bureau 
of  Mines in the  1940 ' s  and 50 ' s  concerning the  behavior o f  Fischer Tropsch 
c a t a l y s i s  under various condi t ions . '  Iron a s  well as  coba l t  and ruthenium 
have been proposed and s tudied  as  poss ib le  Fischer Tropsch  catalyst^.^' 
There has a l s o  been cons iderable  i n t e r e s t  in t he  incorpora t ion  o f  various 
promoters in Fischer Tropsch c a t a l y s i s  in order  t o  a l t e r  o l e f in - to -pa ra f f in  
r a t i o s ,  minimize CO2 make, e t c .  
the University of Utah' i s  seeking t o  sys temat ica l ly  a l t e r  various pro- 
moters in  order t o  determine the  bes t  combination i n  o rde r  t o  achieve a 
maximum of Cz-Cg hydrocarbons. 
ogy u p  t o  1975 has been given by Shah and P e r r o t t a . 6  

Tropsch a p p l i c a t i o n s . ' ~  
in the  pressure range of 10-20 atmospheres and a t  temperatures from 240- 
270C t o  determine t h e  reac t ion  orders  of t h e  CO consumption r a t e  with re- 
spec t  t o  both hydrogen and CO.  He employed a d i f f e r e n t i a l  r eac to r  with 
H2-toCO r a t i o s  varying from 1 t o  7. They found t h a t  t he  reac t ion  order  
with respec t  t o  CO was e f f e c t i v e l y  zero  b u t  t h e  reac t ion  order  with r e spec t  
t o  H2  was f i r s t  o rde r .  
ac t iva t ion  energy o f  16.8 Kcal/mole. 
by measurements of t he  C O 2  and water-make in  the  e x i t  stream. 
ing t h a t  t he re  was minimal oxygenated products (reasonable f o r  i ron  

I n  

An i n t e r e s t i n g  study being conducted a t  

A sho r t  review of Fischer Tropsch technol- 

There have been two k ine t i c  s tud ie s  using i ron  c a t a l y s t s  f o r  Fischer 
Dry e t .  a l . 7  used a t r i p l e  promoted i ron  c a t a l y s t  

Between 225 and 265C they a l s o  determined an 
However a l l  t h e i r  da ta  were obtained 

By assulii- 
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c a t a l y s t s ) ,  then the  summation of  t he  Cop and water-make should equal 
t he  to t a l  CO consumption r a t e .  I n  a l l  cases the  r a t i o  of Cop-to-water 
was l e s s  than 1 except a t  the  highest  temperatures (265C, where i t  equaled 
1 .15 ) .  
decrease  t h e  COz/H20 r a t i o ,  they concluded t h a t  CO2 was a secondary reac t ion  
produced by the  water gas s h i f t  reac t ion .  
was conducted by Atwood and Bennett .* 
a tubular  flow r e a c t o r  b u t  a l s o  a n  i n t e r n a l l y  r ec i r cu la t ed  r eac to r  (simi- 
l a r  t o  the  r eac to r  employed he re ) .  
was l i t t l e  d i f f e rence  in the  reac t ion  k ine t i c s  whether the  r ec i r cu la t ed  re -  
a c t o r  o r  t h e  tubu la r  flow reac to r  was employed. 

i n  excess)  and a zero o rde r  dependency of t h e  reac t ion  with respec t  t o  
CO ( a s  reported by Dry e t .  a 1 . 7 ) .  I n  t h i s  ca se  they reported t h a t  with 
t h e  i ron  c a t a l y s t ,  the C02/H20 r a t i o  was s i q n i f i c a n t l y  o r e a t e r  t h a n  one 
but i t  should be pointed out  t h a t  the  temperatures employed in t h i s  study 
ranged from 250C t o  315C; t h a t  i s ,  s i g n f i c a n t l y  h iaher  than the  temperatures 
used by Dry e t .  They proposed a k i n e t i c  expression which i s  based on 
the  r a t e  being dependent on the  hydrogen concent ra t ion  and the  f r ac t ion  of 
reduced iron present . ’  

Since the  e f f e c t  o f  increas inq  space ve loc i ty  was t o  dramat ica l ly  

A more r ecen t  k i n e t i c  study 
I n  t h i s  case  they employed not  only 

They claimed in  t h e i r  paper t h a t  t he re  

Based on our experience 
I i t  would appear t h a t  t h i s  was due t o  t h e i r  minimal H2 consumption ( H Z  

A psuedo steady s t a t e  balance between the  oxida- 
t i on  of iron by H20 and i t s  reduction by CO l eads  

.4 P H 2 )  
rrn = 

t o  equation ( 1 ) .  

( 1 )  

Experimental da ta  a t  t h r e e  temperatures were used t o  determine the  con- 
s t a n t s  k a n d  b a s  a func t ion  of temperature.  However i t  should be pointed 
ou t  t h a t  the  term involv ing  the  r a t i o  of water t o  CO p a r t i a l  p ressures  in 
the  denominator was only important f o r  a very few data poin ts .  
a cons tan t  feed mixture with a H2 t o  CO r a t i o  o f  2 . 0  was used and t h e  authors 
r epor t  t h a t  t h e  mole f r a c t i o n  o f  Hp i n  the  product stream was e s s e n t i a l l y  

Also, s ince  
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independent of carbon monoxide conversion, the  H p  p a r t i a l  p ressure  was 
c lose  t o  a constant f o r  a l l  runs. 
f i t  when equation ( 1 )  i s  rearranged t o  the  l i n e a r  form o f  equation (2), 
note t h a t  the  e s s e n t i a l l y  cons tan t  hydrogen p a r t i a l  p ressures  and a small 

Although the authors  show an exce l l en t  

e f f e c t  of t he  water-to-C0 p a r t i a l  p ressure  would produce a cons tan t  r a t e  
a t  any tetiiperature. 

been p r o p ~ s e d . ~  
t i a l  p ressure  of H2 ( f o r  conversions l e s s  t h a n  6 0 % )  and, i n  the  o t h e r  an 

adequate co r re l a t ion  f o r  coba l t  was obtained by equation ( 3 ) .  

Two o the r  r a t e  expressions based s o l e l y  on observa t ion ,  havc a l s o  
I n  one, the  r a t e  was observed t o  depend only o n  the par- 

Fischer-Tropsch synthes is  i s  highly exothermic and consequently a 
good deal of a t t e n t i o n  has been spent  on r eac to r  design cons ide ra t ions .  
Designs ranging from s l u r r y  r eac to r s  t o  f lu id i zed  beds have been proposed’ 
and, in the  l a t t e r  ca se ,  a c t u a l l y  cons t ruc ted .”  
u t i l i z e  recyc le  r eac to r s  i n  o rde r  t o  r e s t r i c t  the  temperature r i s e  across  
t h e  c a t a l y s t  bed, b u t  a heavy p r i ce  must be paid in terms o f  compressor 
c o s t s .  
coated w i t h  c a t a l y s t  was f i r s t  proposed by DOE f o r  t he  exothermic methana- 
t i o n  r eac t ion”  and a s i m i l a r  design using i ron  c a t a l y s t s  f o r  Fischer 
Tropsch has been discussed by Haynes, e t .  a1.I’  
w i t h  a n  applied k ine t i c s  study u t i l i z i n g  t h i s  c a t a l y s t  concept.  blhile the  
scope o f  the  p ro jec t  i s  concerned with product d i s t r i b u t i o n s  as well as  
reac t ion  r a t e s ,  in t h i s  paper we wi l l  only focus on r eac t an t  a n d  make-gas 
r a t e s .  

I t  i s  a l s o  comrron t o  

A low pressure drop r eac to r  u t i l i z i n g  pa ra l l e l  p l a t e s  and i n s e r t s  

The work repor ted  here dea ls  
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EXPERIMENTAL EQUIPMENT AN0 P R O C E D U R E S  

Berty Reactor System 

All of t h e  experiments were conducted in  an i n t e r n a l l y  r e c i r c u l a t i n g  
r eac to r  ("Berty" type )  and a schematic of t h i s  equipment i s  shown in 
Figure 1 .  
meters equipped with pressure  drop t ransducers  and the  flows a r e  ad- 
j u s t e d  with the reac to r  on by-pass t o  obta in  the  des i red  i n l e t  H2-to-CO 
r a t i o  and t o t a l  flow. 
sen t  f o r  ana lys i s  v ia  gas chromotography using a Carle :,lode1 111 H 
gas chromotograph. The r e a c t o r  i s  then p u t  on stream and the  H2-CO 
mix i s  fed t o  t he  r eac to r .  The e x i t  stream leaving  the  r e a c t o r  passes 
f i r s t  through a "hot t r a p "  ( a  condenser maintained a t  120C) in order  t o  
condense waxes. 
a co ld  trap ( a t  O C )  where water and o i l  a r e  condensed. 
from t h i s  condenser passes i n t o  a knock-out p o t  t o  remove en t ra ined  l i q u i d s  
and then proceeds v i a  a wet t e s t  meter t o  vent.  Provis ions  a r e  made t o  
sample this  e x i t  gas  stream on l i n e  and aga in ,  ana lys i s  i s  done via a 
Carle 111 H gas chromotograph. The r eac to r  pressure  i s  adjus ted  and 
maintained by means of a needle valve a t  t he  r eac to r  e x i t .  
wi th in  the r eac to r  a r e  measured jus t  above and below the  c a t a l y s t  sample. 
The mass ve loc i ty  ac ross  t h e  c a t a l y s t  su r f ace  can be ad jus ted  by means of 
regula t ing  the RPH o f  t h e  magnedrive un i t  equipped with t h e  Berty r eac to r .  
Typica l ly  a t  RPM's above 750 the  temperature d i f fe renceacross  the  c a t a l y s t  
i s  wi th in  2 C  and a l l  da ta  repor ted  here were obtained a t  1500 R P M .  

Hydrogen and CO a r e  monitored sepa ra t e ly  v ia  c a p i l l a r y  flow 

Once t h e  des i red  r a t i o  i s  ob ta ined ,a  sample i s  

The uncondensed portion of t he  stream then passes through 
The gas e f f l u e n t  

Temperatures 

The Carle Analy t ica l  Gas Chromatograph i s  equipped with an on- l ine  

A 2 .5  rn poropak Q column a t  105C was 

hydrogen t r a n s f e r  tube so t h a t  reasonably accura te  hydroaen peaks a r e  
obtained as pa r t  o f  t he  a n a l y s i s .  
placed i n  a se r ies -bypass  mode with a 2.5 m molecular s i eve  column main- 
t a ined  a t  30C. With the columns connected i n  s e r i e s ,  H2 ,  C O  and CH4 pass 
through the por0pa.k column and i n t o  the  molecular s i eve  column where they  

a r e  temporarily reta.ined,. A valve i s  then switched so t h a t  the  molecular 
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s i eve  i s  bypassed and C02, H20 and C2-C4 compounds a r e  separated and 
analyzed. 
C O  a n d  CH4 takes place.  

The i ron  c a t a l y s t ,  supplied by t h e  P i t t sburgh  Energy Technology 
Center ( P E T C )  of DOE,  cons is ted  of t acon i t e  which was plasma-sprayed t o  
an average thickness o f  0.56 mm on f l a t  p l a t e s  of i ron  subs t r a t e .  
h a d  a BET area of 2 m2/gm and a poros i ty  of 0.48. The c a t a l y s t  assembly 
cons is ted  of 5 p l a t e s ,  each 7 . 6  cm h i g h  and o f  varying widths so as  t o  
be compatible w i t h  t he  d r a f t  tube s i z e  o f  the Berty r eac to r .  The p l a t e s  
were bolted toge ther  with two threaded rods and the  assembly and dimen- 
s ions  a r e  shown in Figure 2 .  The c a t a l y s t  was assembled, leak  t e s t e d  in  
He and then reduced by hea t ing  t o  501)OC in flowing H2 over a 4-hour 
period and then holding a t  450°C f o r  24  hours. Attempts were made t o  
es t imate  the  water make during reduction in  order  t o  deteri i ine the  percen- 
tage  reduction o f  t he  ava i l ab le  i ron .  
rate and consequent low H20 concent ra t ions  d id  not allow f o r  accu ra t e  meas- 
urements. 

Tropsch c a t a l y s t s  has  been t h e  sub jec t  o f  a number of i nves t iga t ions .  l 3  

In t h i s  case  we u t i l i z e d  a H2/CO feed of 1 . 5  a t  300°C and 1 .6  MPa and ran 
f o r  a t o t a l  o f  30 hours on-stream. This corresponded t o  the time a t  
which the a c t i v i t y  and product d i s t r i b u t i o n  s t a b i l i z e d .  I t  should be 
pointed out  however, t h a t  the  c a t a l y s t  was id led  in  H2 a t  3OOOC and 1 .6  MPa 
a t  the  end o f  each day ' s  running. I n  add i t ion  the  conversions var ied  
during t h i s  pretreatment a n d ,  s i nce  the  r eac to r  behaves a s  a CSTR, t he  
c a t a l y s t  was exposed t o  varying H2/CO r a t i o s .  
below in more d e t a i l .  

RESULTS 

With the  columns placed in s e r i e s  once aga in ,  ana lys i s  o f  Hp, 

I t  

Unfortunately the  slow reduction 

The need f o r  a ca rbur i za t ion  pretreatment when usina i ron  Fischer 

This wi l l  be discussed 

P r io r  t o  en te r ing  i n t o  a d i scuss ion  o f  the  r e s u l t s ,  i t  i s  important 
t o  emphasize the behavior of a CSTR r eac to r  such as the  one used here ,  
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F i r s t  of a l l ,  in d i scuss ing  reac t ion  r a t e s  or product d i s t r i b u t i o n s ,  i t  
i s  t he  r eac to r  exit condi t ions  which a r e  the  independent va r i ab le s .  These 

a r e  brought about by independent control of t h e  i n l e t  flow r a t e ,  i n l e t  
composition, r eac to r  pressure ,  and temperature.  Consequently, in t h e  sub- 
sequent discussion only  the  e x i t  condi t ions  wi l l  be r e fe r r ed  t o .  

important f a c t o r  i s  t h a t ,  s ince  a f ixed  bed c a t a l y t i c  r eac to r  (s p l u g  
f low) wi l l  have c a t a l y s t  exposed t o  both i n l e t  a n d  o u t l e t  cond i t ions ,  i t  
i s  important t o  ob ta in  data over a wide range of conversions and i n l e t  com- 
pos i t i ons .  
qenera l ly  increase  a s  conversion increases .  
t h e  conversion a s  well a s  t he  i n l e t  H 2 / C O  r a t i o  so t h a t  a wide range of 
independent data a r e  a v a i l a b l e  f o r  s t a t i s t i c a l  ana lys i s .  In t h i s  work 
t h e  CO conversions var ied  from 15% t o  85% and the  e x i t  H2/CO r a t i o s  were 
var ied  independently from 0.8 t o  18. Total p ressures  ranged from 0.77 t o  
3.1 MPa and temperatures from 250C t o  300C. 

Induction Period 

Another 

For example, i n  Fischer-Tropsch syn thes i s  the H z / C O  r a t i o  wi l l  
T h u s  i t  i s  important t o  vary 

The f a c t  t h a t  Fischer-Tropsch c a t a l y s t s  aene ra l ly  r equ i r e  an induc- 
t i o n  ( o r  "ca rbur i za t ion" )  period has a l ready  been mentioned. 
ca rbur i za t ion  i s  thought t o  increase  t h e  c a t a l y s t  l i f e t i m e  and of course 
t h i s  i s  exceedingly important f o r  commercial success .  I n  our  case ,  we 
wished t o  obta in  r a t e  da t a  corresponding t o  the  s t a b l e  a c t i v i t y  of t h e  

c a t a l y s t  a n d  we were unable t o  run continuously.  
r e s t r i c t i o n  we followed a procedure of i d l i n q  the  c a t a l y s t  i n  Hp a t  1 .0  HPa 
whenever we were n o t  running. 
u t i l i z e  an a l t e r n a t e  induct ion  method which was more compatible with our 
day-to-day opera t ion  and which appeared t o  give the  same s t a b l e  a c t i v i t y ' "  
a s  t he  more typ ica l  complex carbur iza t ion  procedure. 

The procedure employed during the  f i r s t  24 hours of induction was t o  
expose the c a t a l y s t  a t  300C and 1.6 MPa pressure  t o  a 1 . 5  H 2 / C O  mixture a t  
an "exposure ve loc i ty"  ( J ,  volumetric flow r a t e  a t  standard condi t ion  per 
un i t  supe r f i c i a l  c a t a l y s t  a r e a )  of 2 .6  m / h r .  Some of the r e s u l t s  obtained 

Proper 

Because of th i s  l a t t e r  

Because of these  d i f f e rences  we e l ec t ed  t o  
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d u r i n g  t h i s  p e r i o d  a r e  shown i n  F i g u r e  3. 

t h a t  t h e  c o n v e r s i o n  was v e r y  h i g h  d u r i n g  t h e  f i r s t  f o u r  hours  on s t ream.  

T h i s  p o i n t s  t o  t h e  i m p o r t a n c e  o f  c o n d u c t i n g  F i s c h e r - T r o p s c h  c a t a l y s t  

s c r e e n i n g  t e s t s  o n l y  a f t e r  t h e  c a t a l y s t s  have been exposed t o  s y n t h e s i s  

gas f o r  a t  l e a s t  f o u r  hours .  Note t h a t  d u r i n g  t h e  f i r s t  20 hours  o f  i n d u c -  

t i o n ,  t h e  c o n v e r s i o n  s t a r t s  o f f  l o w  and b u i l d s  u p  d u r i n g  t h e  d a y ' s  run .  I t  

was h y p o t h e s i z e d  t h a t  t h e  H2 i d l i n g  p r o c e d u r e  was e f f e c t i n g  r e d u c t i o n  o f  

t h e  a c t i v e  i r o n  c a r b i d e  so t h a t  t h e  f i r s t  few hours  o f  t h e  r u n  a r e  spent  

r e f o r m i n g  FeC a t  t h e  expense o f  hydrocarbon p r o d u c t i o n .  As a r e s u l t ,  t h e  

i n l e t  c o n d i t i o n s  were changed a t  24 h o u r s  t i m e - o n - s t r e a m  (TOS) t o  3.1 MPa 

and H2/CO = 2.0. 

made, t h e  v a r i a t i o n  i n  d a i l y  c o n v e r s i o n s  was m a r k e d l y  reduced and t h e  

c a t a l y s t  reached a p p a r e n t  s t a b i l i t y  a f t e r  a b o u t  35 h o u r s  TOS. 
Whi le  t h e  r e s u l t s  i n  F i g u r e  3 show o n l y  t h e  t o t a l  CO c o n v e r s i o n ,  

some m e n t i o n  ought  t o  be made o f  t h e  s e l e c t i v i t y  t o  C5' d u r i n g  t h i s  p e r i o d .  

D u r i n g  t h e  24 hours  TOS, t h e  C5' w e i g h t  f r a c t i o n  o f  t o t a l  hydrocarbon make 

g r a d u a l l y  i n c r e a s e d  on a d a i l y  b a s i s  f r o m  a b o u t  0.05 t o  0.20. 

p e r i o d  t h e  f r a c t i o n  remained e s s e n t i a l l y  c o n s t a n t  a t  about  0 .25 .  

P r o d u c t  D i s t r i b u t i o n  

F i r s t  o f  a l l  i t  s h o u l d  be n o t e d  

As can be seen f r o m  F i g u r e  3, once t h i s  change was 

A f t e r  t h i s  

I n  p r i n c i p l e  e i t h e r  GO2 o r  H20 can be produced f r o m  t h e  c h a i n  g r o w t h  

w h i c h  o c c u r s  d u r i n g  F i s c h e r - T r o p s c h  s y n t h e s i s .  

p roduced v i a  t h e  r e v e r s i b l e  w a t e r  gas s h i f t  r e a c t i o n  

However, CO2 can a l s o  be 

T y p i c a l l y  t h e  COP make was comparable t o  t h e  CH4 make a t  250C and was 50 

t o  100% g r e a t e r  t h a n  CH4 a t  300C. 

r e a c t i o n  such as e q u a t i o n  (41, t h e n  one wou ld  e x p e c t  an i n c r e a s i n g  CO/H2 

r a t i o  w i t h  i n c r e a s e d  c o n v e r s i o n .  As T a b l e  I shows, t h i s  i s  i n d e e d  t h e  case 

a t  b o t h  tempera tures  as l o n g  as  t h e  H2/CO r a t i o  i s  a p p r o x i m a t e l y  c o n s t a n t .  

Also shown i n  T a b l e  I i s  t h e  e q u i l i b r i u m  parameter ,  C$I, w h i c h  i s  d e f i n e d  as 

I f  t h e  C02 i s  produced f r o m  a s i d e  

107 



and wi l l  o f  course be equal t o  1 .0  a t  equi l ibr ium (Keq i s  t he  equi l ibr ium 
cons tan t ) .  I t  i s  apparent from the r e s u l t s  shown in Table I t h a t  t he  
water gas s h i f t  reac t ion  i s  well removed from equi l ibr ium a t  250C b u t  
c l o s e r  a t  30OC. Some measure o f  t h e  r eve r s ib l e  na ture  o f  the reac t ion  
r a t e  can a l s o  be obtained from Table I .  That i s ,  a t  cons tan t  conversion 
the C02/H20 r a t i o  decreases a s  t h e  H2/CO r a t i o  increases .  
i nd ica t e  a n  i nh ib i t i on  o f  the forward r eac t ion  r a t e  o f  equation ( 4 )  by 
increased  product - to- reac tan t  r a t i o s .  

t o -pa ra f f in  r a t i o  of t he  hydrocarbon products.  Table I 1  shows the  C2Hq/C2Hg 
r a t i o  as  a function of t h e  H2/C0 r a t i o  and conversion a t  two temperatures.  
Note t h a t  t h i s  r a t i o  decreases  a s  conversion inc reases  a t  both temperatures 
in agreement with K ~ g l e r ' s ' ~  hypothesis t h a t  t h e  main elements i n  chain 
growth a re  o l e f i n s ,  not p a r a f f i n s .  
lower the  C2Hq/CzHg r a t i o  s ince  these  would tend t o  proniote hydrogenation. 
Comparing the da ta  a t  two temperatures,  i t  can a l s o  be seen t h a t  higher 
C2Hq/CzHg r a t i o s  a r e  favored a t  t he  lower temperature.  

The experiments conducted during t h i s  por t ion  of the inves t iga t ion  
were designed pr imar i ly  t o  ob ta in  reac t ion  r a t e  data and s ince  a l a rge  
number o f  s epa ra t e  runs were required t o  accomplish t h i s  goa l ,  t he  r u n  
times were genera l ly  r e s t r i c t e d  t o  3 hours o r  l e s s .  Unfortunately t h i s  
i s  not a s u f f i c i e n t  length  o f  time t o  ob ta in  l a r g e  enough q u a n t i t i e s  of 
o i l  f o r  accura te  measurements ( t h e  o i l  make varied from about 0.2 t o  4 .0  
ml /hr ) .  Nevertheless,  some i n s i g h t  i n t o  t h e  parameters which favor o i l  
make can be obtained from t h e  da ta  shown i n  Figure 4. Here the  weight 
f r a c t i o n  o f  C$ (Cg+/total  hydrocarbon make) i s  p lo t t ed  a s  a func t ion  of 
conversion f o r  d i f f e r e n t  H 2 / C O  r a t i o s  a t  250C. As expected, increas ing  
conversions r e s u l t  
grow) and apparent ly  higher H 2 / C O  r a t i o s  r e t a r d  t h e  formation o f  higher 
carbon numbers. Within t h e  accuracy l i m i t a t i o n s  of the d a t a ,  t he  Cg 
frac t ion  d i d  not appear t o  be a func t ion  o f  pressure  a t  2SOC. 

This would 

Another important a spec t  of Fischer-Tropsch syn thes i s  i s  t he  o l e f i n -  

As expected, higher H 2 / C O  r a t i o s  a l s o  

in h igher  C5+ f r a c t i o n s  ( t h e  chain has a chance t o  

However t h i s  
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was not t he  case a t  300C where i t  was found t h a t  higher pressures  tended 
t o  increase  the C$ f r a c t i o n .  
da ta  a t  s imi l a r  condi t ions  i n  o rde r  to  obta in  a good coniparison w i t h  t h e  
da ta  a t  250C. Nevertheless the r e s u l t s  i n  Table 111 show a d e f i n i t e  
decrease in the  Cf f r a c t i o n  a s  the  temperature increases  from 250C t o  
300C. 

Another parameter of i n t e r e s t  in Fischer-Tropsch syn thes i s  i s  t h e  
product d i s t r i b u t i o n  of the hydrocarbon make. 
b u t  de tec tab le  wax was co l l ec t ed  from t h e  h o t  t r a p  (see Figure 1 )  b u t  
t he  q u a n t i t i e s  were too small f o r  accura te  ana lys i s .  
make samples were a l s o  subjec ted  t o  GC-MS ana lys i s  and carbon numbers u p  
t o  about 18 were de tec ted  with the  highest  weight f r a c t i o n  a t  C8 o r  C9. 
The major cons t i t uen t s  of t h e  o i l  were t h e  normal pa ra f f in s  with varying 
q u a n t i t i e s  of o l e f i n s  and branched compounds a t  each carbon number. 
i n  t he  way of oxygenated compounds were de tec ted .  

i s  t h e  so ca l l ed  "Schulz-Flory" d i s t r i b u t i o n . 1 6  
the  mass f r ac t ion  of each spec ies  divided by i t s  carbon number would p lo t  
l i n e a r l y  as  a func t ion  of carbon number i f  Fischer-Tropsch syn thes i s  follows 
equal p robab i l i t y  chain growth. 
here ,  i s  shown in Figure 5. 
t a ined  a t  low and high carbon numbers, t he re  i s  a t r a n s i t i o n  region between 
C4 and c8 which does not p lo t  l i n e a r l y .  Since t h e  C1-c4 compounds essen- 
t i a l l y  remain in the  gas phase and the  Cg compounds are co l l ec t ed  i n  t he  
l i qu id  phase, i t  was f i r s t  t h o u g h t  t h a t  t he  behavior in Figure 5 was due 
t o  a material  balance e r r o r .  However when various a r b i t r a r y  e r r o r s  were 
added, e i t h e r  t o  t h e  gas o r  l i q u i d  q u a n t i t i e s ,  t he  same type o f  p l o t  
r e su l t ed .  Evidently the  Schulz-Flory d i s t r i b u t i o n  does n o t  apply over 
t he  complete carbon number range. 
r e s u l t s  with t h i s  c a t a l y s t  have been obtained a t  PETC using a tubu la r  
flow reac to r .  

Because o f  t h i s ,  t h e r e  were n o t  enough 300C 

Ourinq most runs a small 

A number o f  o i l -  

L i t t l e  

A common ana lys i s  t o  which Fischer-Tropsch hydrocarbons a r e  subjec ted  
I n  t h i s  case t h e  log o f  

Such a p l o t ,  t yp ica l  o f  t h e  da t a  co l l ec t ed  
As can be seen, while l i n e a r  p l o t s  a r e  ob- 

I t  i s  i n t e r e s t i n g  t o  note t h a t  s i m i l a r  
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Reaction Rates 

Idea l ly  we would l i k e  t o  measure i n t r i n s i c  reac t ion  r a t e s  ( t h a t  i s ,  
r a t e s  i n  the  absence of a l l  t r anspor t  l i m i t a t i o n s )  under proposed com- 
mercial opera t ing  cond i t ions  such a s  those used here .  
synthes is  t h i s  i s  d i f f i c u l t  t o  do because of t he  production of higher 
carbon number o i l s  which could s a t u r a t e  the c a t a l y s t  pores and lead  t o  
the  necess i ty  of gaseous r eac t an t s  having t o  d i f f u s e  through l i q u i d  
f i l l e d  pores. 
0.56 mm, the  very low d i f f u s i v i t i e s  of gases in l i q u i d s  (% 

can s t i l l  r e s u l t  in pore d i f fus ion  l imi ted  r a t e s .  This wi l l  be discussed 
i n  more de t a i l  below. 
be l imited by gas-so l id  t r a n s p o r t  phenomena. This was avoided i n  these  
experiments by inc reas ing  t h e  r eac to r  impeller speed un t i l  t he re  was no 
s epa ra t e  dependency o f  t he  r a t e  on impeller speed. This was found t o  
occur a t  750 rpm and, a s  mentioned e a r l i e r ,  a l l  data were obtained a t  
1500 rpm. 

data were n o t  subjec ted  t o  thorough eva lua t ions  of various mechanistic 
k ine t i c  expressions.  I n  a d d i t i o n ,  because of the complexity of Fischer- 
Tropsch syn thes i s ,  i t  was decided t o  f i r s t  at tempt t o  analyze t h e  r a t e  
of consumption of C O ,  independent o f  the  spec ie s ,  produced. Consequently 
a simple power law model in terms o f  CO and H2 p a r t i a l  p ressures  was 
evaluated but i t  d id  not provide f o r  a s u f f i c i e n t l y  accura te  c o r r e l a t i o n .  
Although a number o f  more complex models were found t o  give adequate 
co r re l a t ions  of t he  data i t  was found t h a t  the  r a t e  expression oiven by 

For Fischer-Tropsch 

Although the  th ickness  of t he  c a t a l y s t  used here was only 
cmZ/sec) 

For high reac t ion  r a t e s  i t  i s  a l s o  poss ib le  t o  

Because of the  p o s s i b i l i t y  of pore d i f fus ion  l i m i t a t i o n s ,  t h e  r a t e  

equation ( 1 )  gave as good a c o r r e l a t i o n  a s  any. Spec i f i ca l ly  

k Pn2 
r C O  = 1 + b PH$PCO 

-4 

with k = 7 . 6 ~ 1 0 ~  exp  
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In these  quations rCO i s  expressed i n  terms of the s u p e r f i c i a l  a rea  o f  the 
c a t a l y s t ,  g moles/mZ-hr, pressure i s  i n  atmospheres and temperature i s  in 
degrees Kelvin. 

Bennett' f o r  a potassium promoted fused iron c a t a l y s t ,  t he  major d i f f e rence  
i s  in the  apparent ac t iva t ion  enerqy f o r  k .  Atwood and Bennet repor ted  a 
value of 20.3 Kcal/mole whereas we observe a much lower value o f  8.8 Kcal/mole. 
Again t h i s  miqht be due t o  strong pore d i f fus ion  e f f e c t s  s ince  i t  i s  well 
known t h a t  f o r  near f i r s t  order k ine t i c s ,po re  d i f fus ion  r a t e  l i m i t a t i o n s  
wi l l  produce a n  apparent ac t iva t ion  energy equal t o  one-half  i t s  true value.  
I f  t h i s  were the  case ,  one w o u l d  expect t h a t  equation ( 1 )  would not g ive  
a s  good a f i t  a t  the  hipher temperature.  
p red ic ted  versus the  measured values of rCO and, as  can be seen ,  t h e  data 
s c a t t e r  i s  d e f i n i t e l y  l a r g e r  a t  300C. 
250C was approximately 10% whereas i t  was 20% a t  300C. 

I n  comparing these  values with those given previously by Atwood and 

Figure 6 shows a p l o t  of t h e  

I n  f a c t  the  averaqe devia t ion  a t  

As a l ready  mentioned, CH4 was t h e  most s i q n f i c a n t  product under a l l  
condi t ions .  
pression which would descr ibe  i t s  r a t e  of formation. Due t o  the  f a c t  t h a t  
CH4 i s  only one of many products,  no attempt was made t o  base the  r a t e  
expression o n  k ine t i c  mechanisms. Instead a simple power low model was 
employed and the  r e s u l t s  a r e  shown i n  equation (8)  

Consequently a separa te  determination was made of a r a t e  ex- 

Here again the  r a t e  i s  given i n  moles/m2hr a n d  t he  pressure  in atmospheres. 
As expected, an increased r a t e  of CH4 production i s  favored by higher tern- 
pera tures  and higher H 2 / C O  r a t i o s .  

A s i m i l a r  attempt was made t o  obta in  a s u i t a b l e  c o r r e l a t i o n  f o r  t he  
r a t e  of CO2 production. 
via the water gas s h i f t  r eac t ion ,  i t  was an t i c ipa t ed  t h a t  t he  r a t e  here 
would depend on the  p a r t i a l  pressures of CO and H20. 

Since i t  i s  hypothesized t h a t  t he  C02 i s  produced 

Surp r i s ing ly  however, 
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the  r a t e  was found t o  be independent of Pco b u t  r a t h e r  t o  be dependent on 
t he  H20/H2 r a t i o  a s  shown in equation ( 9 ) .  

rCo2 = 6 . 5 8 ~ 1 0 ~  exp [-,,500 -- ] (F) 1 - 3  (9) 

This could be explained i n  two ways: t h e  reverse  reac t ion  r a t e  i s  s i g n i f i -  
can t  and s t rong ly  dependent on P H ~ ;  and CO i s  i n  excess ( s ince  H20 i s  
a product o f  t h e  primary synthes is  r eac t ions ) .  
explanation can not  be proven b u t  seems t o  be reasonable ( s t rono  H2 
adsorption could produce the same e f f e c t ) .  Although the  da ta  used i n  
ob ta in ing  equation ( 9 )  covered a wide range of CO/H20 r a t i o s  (0 .2-12) ,  
t he re  were only t h r e e  runs (out  of 62) with CO/H20 l e s s  than one. 
t hese  runs had very high COP production r a t e s  and high CO conversions,  i t  
i s  conceivable t h a t  the r a t e  of CO2 production does depend on Pco when i t  
i s  l e s s  than o r  equal t o  PH20. 
Diffusion Limi ta t ions  

The f i r s t  por t ion  of t h i s  

Since 

The p o s s i b i l i t y  o f  s t rong  pore d i f fus ion  e f f e c t s  has  a l ready  been 
mentioned and the  da t a  f o r  t he  CO consumption r a t e  g ives  some evidence of 
i t s  ex is tence .  
ac t iva t ion  energy more typ ica l  of k ine t i c  r ea t ions  and s ince  i t  was found 
t o  depend on P H ~ o ,  the primary product of Fischer-Tropsch syn thes i s ,  i t  i s  
somewhat su rp r i s inq  t h a t  i t  d id  not have a lower apparent a c t i v i a t i o n  
energy. A poss ib le  explana t ion  could be t h a t  t h e  dominant reac t ion  i s  
methanation and, i f  i t  were much f a s t e r  and in pa ra l l e l  with t h e  o t h e r  
slower r eac t ions ,  i t  could be the  only pore d i f fus ion  l imi ted  r eac t ion .  
Since equation ( 1 )  i s  based on the  t o t a l  CO consumption r a t e  and CH4 i s  
the  major product,  t h i s  would explain the  apparent discrepancy in  the  
apparent a c t i v a t i o n  energ ies  in  equations ( 6 )  and ( 9 ) .  Some support  of 
this argument i s  given by the  low a c t i v a t i o n  energy assoc ia ted  with CH4 
production [equation (8)].  

However t h e  r a t e  expression f o r  C02 production had an 

112 



Whereas s e p a r a t e  exper iments  t o  q u a n t i f y  t h e  r o l e  o f  p o r e  d i f f u s i o n  

were n o t  conducted, e s t i m a t e s  o f  t h e  e f f e c t i v e n e s s  f a c t o r  can  be made 

p r o v i d e d  t h e r e  i s  some knowledge o f  t h e  v a l u e  o f  t h e  e f f e c t i v e  d i f f u s i v i t y .  

Atwood and Bennet t , '  assuming t h a t  CO d i f f u s i o n  i n  t h e  l i q u i d  f i l l e d  p o r e s  

was l i m i t i n g ,  used a v a l u e  o f  1 . 6 ~ 1 0 - 5  cm'/sec f o r  a f u s e d  i r o n  c a t a l y s t .  

Us ing  t h i s  v a l u e  and r e a r r a n g i n g  e q u a t i o n  ( 1 )  t o  g i v e  an e f f e c t i v e  f i r s t  

o r d e r  r e a c t i o n ,  we e s t i m a t e  t h e  e f f e c t i v e n e s s  f a c t o r  be a b o u t  0.30 a t  

300 C .  Thus i t  appears  t h a t  we have s t r o n g  p o r e  d i f f u s i o n  e f f e c t s  w i t h  

r e s p e c t  t o  t h e  CO consumpt ion  r a t e .  

o f  f o r m a t i o n  o f  CH4 wh ich  was t h e  m a j o r  p r o d u c t  ( s e l e c t i v i t y  % 60%).  
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TABLE 1 

COZ/H20 IWKE AT TWO TEMPERATURES 

- 
H2/COp xco CO- P 2 0  0 

250 C 2.24 .26 .14 ,004 
2.25  .34 .25  .01 
2.16 .50 .37 .01 
5 . 9  . 7 9  .42 ,016 

9 . 9  .74 .27 .027 

300 C 1.2 .60 1.9 ,057 
2.a .59 1.1 ,077 
5.5 .62 0.6 ,083 
3.6 . 75  1 .o ,091 
6.1 .79 1 .o ,153 
7.3 .74 0.6 ,110 
9.3 .76 0.45 .11 

TA6LE 1 1  

ETHYLEIIE/ETHAilE ilAKE AT TWO TEVPERATURES 

HZ/CO xco C2H4/C2H6 

250 C 1.5 .15 .14 
1.2 .21 .13 
2.24 .26 .092 
2.25 .34 ,076 
2.16 .50 ,050 
5.9 .79 .020 
8.9 .74 ,012 

300 C 1.05 .26 . 0 9 6  
1.20 .41 .079 
1.20 .60 ,028 
2.60 .59 .023 
5.50 .62 ,012 
9.30 .76 .005 

-- 

TABLE 111 

COMPARISOH OF C l  FRACTION AT TWO TEMPERATURES 

H2/C0 PT(MPa) C i  Frac t i on  T(C) xco 

250 .50 2.5 1.47 .31 
300 .51 1.7 1.47 .12 

250 .55 4.0 2.15 .18 
300 .58 3.3 2.02 .10 

250 .65 6.7 2.84 .13 
300 .76 8.3 2.84 .07 
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FIGURE 1: SCHEMATIC OF EXPERIMEP!TAL EQUIPI.1ENT 

FIGURE 2 :  CATALYST ASSEMBLY 
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